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ABSTRACT 

We present multi-color transformations and photometric parallaxes for a sample of 40 low mass 
dwarfs selected from the Sloan Digital Sky Survey (SDSS) and the General Catalog of Trigonometric 
Stellar Parallaxes. Our sample was re-observed at the Manastash Ridge Observatory (MRO) using 
both Sloan and Johnson-Cousin filters and color transformations between the two photometric systems 
were derived. A subset of the sample had previously measured Johnson-Cousins photometry and 
parallaxes as well as 2MASS photometry. We observed these stars at MRO using Sloan filters and 
used these data to derive photometric parallax relations as well as SDSS/Johnson-Cousins/2MASS 
color transformations. We present the data and derived transformations for use in future low mass 
star studies. 

Subject headings: solar neighborhood — stars: low-mass, brown dwarfs — stars: late-type — stars: 
distances 



1. INTRODUCTION 

The most numerous stars in the Galaxy are low-mass 
dwarfs and yet it is only in the past couple of decades 
that large enough samples existed to statistically study 
their properties. The Palomar /Michigan State Univer- 
sity (PMSU) survey of low-mass stars (Reid et al. 1995; 
Hawley et al. 1996; Gizis et al. 2002; Reid et al. 
2002;) examined the photometric, spectroscopic and dy- 
namical properties of low mass dwarfs with unprece- 
dented statistical accuracy. Recently, Bochanski et al. 
(2005) presented another statistical study of the spectro- 
scopic/kinematic properties of nearby low mass dwarfs 
within 100 pc of the Sun. The advent of large surveys 
such as the Sloan Digital Sky Survey (SDSS; Gunn et al. 
1998; Fukugita et al. 1996; Lupton et al. 1999; York et 
al. 2000; Hogg et al. 2001; Gunn et al. 2006; Ivezic et 
al. 2004; Pier et al. 2003; Smith et al. 2002; Stoughton 
et al. 2002) has increased the sample size and statistical 
robustness of low-mass star studies (Hawley et al. 2002, 
West et al. 2004; Silvestri et al. 2006; West et al. 2006; 
Bochanski et al. 2006; Hawley et al. in prep). 

One of the challenges with the SDSS samples has been 
the ability to accurately compare the Sloan photome- 
try to the Johnson-Cousins standards for low-mass stars 
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that are used in other studies. Smith et al. (2002) pre- 
viously investigated the stellar SDSS/ Johnson-Cousins 
color transformation using the 158 SDSS standard stars. 
However, the SDSS standard stars only extend to an 
r — i < 1.5 (spectral type ~M4). Recently, Jordi, Grebel 
& Ammomn (2006) and Rodgers et al. (2006) exam- 
ined a total of several hundred stars and derived new 
SDSS/ Johnson-Cousins transformations. Unfortunately, 
neither of these new sets of relations extend far beyond 
r — i ^ 1.5 and therefore are not useful for cool-star 
studies. 

In another study, Walkowicz, Hawley & West (2004) 
projected Sloan filter curves onto spectra of stars with 
measured Johnson-Cousins photometry in order to de- 
rive color transformations between the two systems. Al- 
though the Walkowicz et al. method has its utility and 
has been used by several subsequent studies (West et 
al. 2004; West, Walkowicz & Hawley 2005; Silvestri et 
al. 2006), it is not the ideal method for deriving color 
transformations . 

Walkowicz et al. (2004) also derived a relation be- 
tween Sloan colors and absolute magnitude for stars with 
measured parallaxes. However, this relation used the in- 
termediate step of estimating the Sloan colors from ei- 
ther the spectral type of the star or the aforementioned 
transformations. No stars with known parallaxes were 
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observed directly with both fiher sets. 

In this paper, we undertake the more ideal solution 
of observing a set of low-mass dwarfs with the same 
telescope in both Johnson-Cousins and Sloan filters and 
using these data to derive a new set of color transfor- 
mations. A subset of our stars have measured paral- 
laxes and 2MASS photometry and we use these data to 
derive SDSS/Johnson-Cousins/2MASS color transforma- 
tions as well as new photometric parallax relations for all 
three systems. In §2, we describe our sample selection. 
We detail our observations in §3 and present our results 
in §4. We discuss these our results and possibilities for 
the future in §5. 

2. SAMPLE SELECTION 

2.1. SDSS Selected Sample 

The SDSS/ Johnson-Cousins color transformation sub- 
sample was selected from the SDSS Data Release 4 
(DR4; Abazajian et al. 2005) database. We required 
that stars have colors 0.25 < r — i < 3.5 and 0.75 
< g — r < 2.0 based on the colors for cool-stars re- 
ported in West et al. (2004, 2005) and Covey et 
al. (in prep). In addition, we selected stars with 
15 < r < 18.5, and to ensure a clean sample, made 
sure that the SDSS flags SATURATED, EDGE, DE- 
BLENDED.AS.MOVING, CHILD, INTERP .CENTER 
PSF.FLUX.INTERP and BLENDED were imset. We 
selected the 5 brightest, observable (based on RA) stars 
from every 0.1 bin in r — i color (if 5 existed), resulting 
in a sample of 23 stars. The sample was then divided 
into a "blue" sample {r — i < 1.4 ; 11 stars) and a "red" 
sample {r — i > 1.4; 12 stars). 

2.2. Parallax Selected Sample 

The parallax sub-sample is composed of 17 stars se- 
lected from the General Catalogue of Trigonometric Stel- 
lar Parallaxes (van Altcna, Lee & Hoffleit 1995). We first 
queried the catalog for those stars with small parallax er- 
rors (cT^O.Ol") and late spectral types (KO and later). 
The final sub-sample was selected to span as large a range 
of spectral types as possible, while maximizing observa- 
tional efficiency (including both location on the sky and 
stellar magnitude). 

2MASS photometry was obtained from the 2MASS 
point source catalog (Skrutskie et al. 2006) and the 
Johnson-Cousin colors were taken from the PMSU I 
(Reid et al. 1995). 

3. OBSERVATIONS 

Observations were carried out during the summer of 
2005 using the University of Washington 30-inch tele- 
scope at Manastash Ridge Observatory (MRO). We used 
the 2048 x 2048 CCD detector and 'the MRO suite of 
VRIriz filters. Standard stars were observed to derive 
extinction coefficients and photometric zero-points. Ev- 
ery sample and standard star was observed long enough 
to obtain a minimiun of 10000 counts, and therefore a 1% 
photon noise uncertainty. The MRO photometric cam- 
era was shown to be linear over tht; entire magnitude 
range of our observations. The data were reduced us- 
ing the standard IRAF packages. All Sloan bands were 
reduced to the SDSS 2.5m system (unprimed). The un- 
certainty in the derived extinction coefficients dominates 
the reported photometric uncertainties. 



For the SDSS selected sample, we observed each star 
using both the Johnson-Cousins RI filters and the Sloan 
ri filters. For the blue sample, we added a Johnson- 
Cousins V filter and for the red sample the z filter was 
included. Because the stars in the SDSS selected sample 
already had SDSS photometry, the MRO riz data allow 
us ensure that our photometry is correctly on the proper 
SDSS system. We find that the r — i colors have a mean 
difference of 0.054 mags and an rms scatter of 0.165 mags, 
while the i — z colors have a mean offset of -0.002 mags 
and an rms scatter of 0.220 mags. 

4. RESULTS 

The resulting photometry can be found in Tables 1 
and 2. The observational uncertainties reported in Ta- 
bles 1 and 2 reflect the propagated uncertainties from 
each stage of the photometric reductions. Using these 
new colors we derived new color-color transformations 
between the Sloan, Johnson- Cousins and 2MASS photo- 
metric systems. 

4.1. Color-Color Transformations 

We performed polynomial fits for each color-color rela- 
tion and derive the color transformation equations shown 

below. Each equation contains the uncertainty in the re- 
sulting transformed color. The equations and uncertain- 
ties dcirived in this section are only valid over the range 
in which we have data. These relations should not be 
extrapolated to redder or bluer colors. 

The relations for i? — / and U — i? as a function oir — i 
are shown in Figure 1 and Figure 2, are given by: 

R - / = 0.14 -t- 0.38(r + 0.29(r - if 

+Qm{r-if ±0.12 (1) 

and 

V - i? = 0.17 + 1.63(r -i)- 1.19(r - if 

+Q.Z7{r-if ±0.06 (2) 

and are valid over the range 0.33 < r—i < 2.85. The R—I 
vs. r — i relations of Jordi et al. (2006) and Rodgers et 
al. (2006) have been overplotted (dotted and dashed re- 
spectively) on Figure 1. The three relations agree within 
the uncertainties over the overlapping region. 

The transformation between R — I and i — z is shown 
in Figure 3, described by: 

E-/ = 0.01 + 2.98(?:-z) - lM{i-zf 

+0.46(z-z)^ ±0.17 (3) 

and is valid over the range 0.17 < i — z < 1.59. 

Although the uncertainties in J are large, for complete- 
ness we included a first-order fit to the R — I vs i — J 
relation as Figure 4 and given by: 

R-I= -0.35 + 0.85(i - J) ± 0.13 (4) 
This relation is valid over the range 1.37 <i — J < 2.58. 
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Fig. 1. — R — I vs. r~i color transformation for low-mass dwarfs. 
The derived polynomial relation is overplottcd (solid) and is given 
by Equation 1. The relations from Jordi et al. (2006) and Rodgers 
et al. (2006) are overplotted for compaxison (dotted and dashed 
respectively). The three observationally derived relations agree to 
within the uncertainties. 




Fig. 2. — V — Rvs. r — i color transformation for the bluest stars 
in our sample. The derived polynomial relation is overplotted and 
is given by Equation 2. 



Fic. 4. - R — I vs. i — J color transformation for stars with 
2MASS data. The derived lineaj: relation is overplotted and is 
given by Equation 4. 




Fig. 5. — r—i vs. V— 7 color transformation for the bluest stars in 
our sample. The derived polynomial relation is overplotted (solid) 
and is given by Equation 5. The spectroscopically derived relation 
of West et al. (2005) is also overplotted (dashed). 




0.0 t . . . . I . . . . I , . . . i_ 

0.0 0.5 1.0 1.5 



Fig. 3. — R — I vs. i — z color transformation for low-mass 
dwarfs. The derived polynomial relation is overplotted and is given 
by Equation 3. 



Wc derived tlie color-color transformations for r — i vs. 
V — I to compare with the same relation derived by West 
ct al. (2005; hereafter WG5). Although our sample does 
not go as red and is slightly bluer than the W05. sample, 
the overlap region allows for useful comparisons. 

Figure 5 shows the r — i vs. V — I with the W05 trans- 
formation overplotted (dashed line). Our new relation is 
given by: 

r-i = -0.76 + 1.73(1/ - /) - 0.85(y - if 

+0.19(^-7)^ ±0.07 (5) 

for the ranges 0.95 <V — I < 2.59. Our relation agrees 
with that of W05, confirming the accuracy and feasibility 
of the W05 method and extending the existing transfor- 
mations to bluer colors. 

4.2. Photometric Parallax 
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Fig. 6. — Absolute j-band magnitude as a funetion of i — z eolor 
for the stars with direct trigonometric paraUax measurements. The 
best-fit photometric parallax relation is plotted (solid) and given 
by Equation 6. The West et al. (2005) relation is overplotted 
(dashed) for comparison. 
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Fig. 7. — Absolute t-band magnitude as a function of i — J color 
for the stars with direct trigonometric parallax measurements. The 
best-fit photometric parallax relation is plotted (solid) and given 
by Equation 7. The West et al. (2005) relation is overplotted 
(dashed) for comparison. 



Using the stars with direct parallax measurements we 
derive photometric parallax relations for the i — z and 
i — J colors. These relations are the same relations de- 
rived by W05. Although some of the uncertainties in 
the stellar photometry are large, these data serve as a 
direct confirmation of the W05 relations, without having 
to transform to a different photometric system. 

The relations are shown in Figures 6 and 7. The fits 
are plotted as solid lines and given by the equations, 

Mi = 5.49 + 6.63(i - z) ± 0.44 (6) 

and 

Mi = 2.55 + 3.38(i - J) ± 0.63 (7) 

and are valid over the ranges 0.22 < i — z < 0.98 and 
1.37 < i - J < 2.58 respectively. The W05 photometric 
parallax relations are shown as dashed lines. Both of the 
fits from this study are consistent with the W05 results 
and extend the relations to bluer colors. The i — J rela- 
tion of W05 can be extended to bluer colors and appears 
to follow the same relation to within the uncertainties. 
Although the piece- wise nature of the W05 i — z relation 
precludes an extrapolation to bluer colors, the i — z rela- 
tion from this paper provides a useful extension for bluer 
stars. 

5. DISCUSSION 

We have derived SDSS-Johnson-2MASS color transfor- 
mations based on direct measurements of cool-stars. We 
present several relations not included in previous studies 
of low-mass stars. Our r — i vs. V — I relation agrees 
with the previous findings of W05. In addition, we ex- 
tend many of the relations to bluer colors than those 
included in the W05 analysis and redder colors than the 
Smith et al. (2002), Rodgers et al. (2006) and Jordi et 
al. (2006). Table 3 summarizes our derived color trans- 
formations and compares them with the relations given 
in W05, Rodgers et al. (2006) and Jordi et al. (2006). 
This table is currently the most complete compilation of 
low-mass star color transformations. 



We also utilized the stars in our sample that have di- 
rect parallax measurements to derive photometric paral- 
lax relations. Our results confirm the relations given by 
W05. 

All of our results indicate that the W05 method is jus- 
tified and that the spectroscopically derived W05 color 
transformations and spectroscopic parallax relations are 
valid to within the quoted uncertainties. Future studies 
with larger samples of cool-stars will further constrain 
these relations. 
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TABLE 1 

Photometry for SDSS Selected Stars 





RA (J2000) 


DEC (J2000) 


V 


— R 


R 


R 


— / 


r 




r 


— i 


i - 


- z 


12:34:57.5 


+31:12:22 


0.94 


(0.03) 


13.99 


(0.71) 


1.01 


(0.12) 


15.02 


0.02) 


0.73 


(0.02) 


0.43 


0.02) 


13:26:16.3 


+56:40:44 




13.44 


Jo. 35) 


2.94 


(0.08) 


17.68 


0.01) 


2.52 


(0.02) 


1.40 


0.02) 




+60:22:20 


0.76 


(0.03) 


15.61 


Jo. 71) 


0.48 


(0.12) 


15.00 


0.02) 


0.43 


(0.03) 


0.23 


0.03) 


14:09:12.8 


+65:00:00 




15.49 


Jo. 62) 


1.61 


(0.09) 


15.91 


0.02) 


1.60 


(0.02) 


0.86 


0.02) 


14-3n-57 4 


+51:24:52 


0.80 


(0.02) 


15.38 


Jo. 71) 


0.62 


(0.12) 


15.01 


0.01) 


0.53 


(0.02) 


0.28 


0.02) 


14:44:17.1 


+30:02:12 




16.06 


Jo. 62) 


2.64 


(0.11) 


18.24 


0.02) 


2.85 


(0.03) 


1.59 


0.03) 


14:44:26.2 


+62:01:25 


0.76 


(0 04) 


15.35 


Jo. 36) 


0.56 


(0.08) 


15.00 


0.02) 


0.53 


(0.02) 


0.30 


0.02) 


15:06:24.5 


+16:27:53 


0.72 


(0 04") 


15.26 


Jo. 36) 


0.51 


(0.08) 


15.00 


0.02) 


0.46 


(0.03) 


0.28 


0.02) 


15:23:42.4 


+35:47:09 






14.30 


'0.62) 


1.18 


(0.09) 


15.06 


0.02) 


0.93 


(0.02) 


0.49 


0.02) 


15:27:07.4 


+43:03:01 






14.36 


(0.62) 


1.35 


(0.09) 


15.24 


0.01) 


1.10 


(0.02) 


0.57 


0.02) 


15:34:41.4 


+46:41:32 






17.06 


(0.35) 


2.03 


(0.09) 


17.43 


0.01) 


2.27 


(0.02) 


1.24 


0.02) 


15:46:05.3 


+37:49:45 






17.92 


(0.37) 


2.62 


(0.14) 


18.44 


(0.02) 


2.52 


(0.02) 


1.43 


(0.02) 


16:00:15.6 


+52:52:27 


0.56 


(0.04) 


15.39 


(0.36) 


0.39 


(0.08) 


15.00 


(0.01) 


0.33 


(0.02) 


0.16 


(0.03) 


16:11:39.8 


+40:05:59 






16.77 


(0.35) 


1.72 


(0.09) 


16.94 


(0.02) 


1.83 


(0.02) 


0.95 


(0.02) 


16:27:18.2 


+35:38:35 






15.93 


(0.36) 


2.36 


(0.10) 


17.72 


(0.02) 


2.29 


(0.02) 


1.34 


(0.03) 


16:37:18.6 


+44:28:46 






15.24 


(0.61) 


1.60 


(0.09) 


15.72 


(0.01) 


1.55 


(0.02) 


0.83 


(0.02) 


17:18:18.3 


+65:12:12 


0.56 


(0.04) 


15.34 


(0.36) 


0.44 


(0.08) 


15.00 


(0.01) 


0.29 


(0.02) 


0.17 


(0.02) 


17:30:17.3 


+62:29:26 


1.23 


(0.03) 


15.80 


(0.71) 


1.36 


(0.12) 


15.45 


(0.02) 


1.39 


(0.02) 


0.71 


(0.03) 


21:36:32.5 


-06:41:51 


0.57 


(0.05) 


13.89 


(0.36) 


0.70 


(0.08) 


15.02 


(0.01) 


0.38 


(0.02) 


0.17 


(0.02) 


21:37:27.5 


-08:27:13 


0.78 


(0.06) 


13.86 


(0.36) 


0.88 


(0.08) 


15.02 


(0.01) 


0.77 


(0.02) 


0.44 


(0.02) 


23:21:24.0 


-09:57:36 


0.96 


(0.04) 


14.32 


(0.71) 


1.15 


(0.12) 


15.01 


(0.02) 


0.94 


(0.03) 


0.50 


(0.02) 


23:46:44.7 


+16:03:59 






16.47 


(0.62) 


2.24 


(0.09) 


17.38 


(0.01) 


2.23 


(0.02) 


1.36 


(0.03) 


23:50:47.8 


+14:42:44 






15.21 


(0.35) 


1.67 


(0.09) 


16.39 


(0.01) 


1.50 


(0.02) 


0.79 


(0.02) 



Note. — The Sloan photometry comes from SDSS DR4 database. The Johnson/Cousins magnitudes were measured from MRO data. Photometric 
uncertainties are included in parentheses. 



TABLE 2 

PlIOTO.METIA" FOR I'AH.VLL.VX SeLE(TEI) S.VilI'LE 



MRO'^ /2MASSb parallax'^ PMSU'^ 



RA (J2000) 


DEC (J2000) 




r 


— i 




t 




i 


- 2 






J 


i - 


- J 


( 


') 


V 


R 


I 


12:49:02.7 


+66:06:37 


1 


30 


(0.14) 


8 


91 


(0.08) 


0.54 


(0.14) 


6 


88 


(0.02) 


2.03 


(0.09) 


0.1020 


(0.0047) 


10.87 


9.75 


8.28 


13:19:45.7 


+47:46:39 





85 


(0.03) 


7 


02 


(0.14) 


0.22 


(0.03) 


5 


34 


(0.03) 


1.68 


(0.14) 


0.1050 


(0.0061) 


9.07 


8.16 


7.18 


14:02:33.3 


+46:20:24 





90 


(0.02) 


7 


79 


(0.11) 


0.43 


(0.04) 


6 


26 


(0.09) 


1.53 


(0.14) 


0.0890 


(0.0039) 








14:53:51.2 


+23:33:21 


1 


38 


(0.05) 


9 


71 


(0.27) 


0.67 


(0.06) 


7 


44 


(0.02) 


2.27 


(0.27) 


0.0960 


(0.0041) 








16:02:50.6 


+20:35:16 


1 


47 


(0.06) 


10 


57 


(0.29) 


0.72 


(0.06) 


8 


13 


(0.02) 


2.44 


(0.29) 


0.1000 


(0.0031) 








16:24:09.5 


+48:21:10 


1 


13 


(0.04) 


8 


55 


(0.13) 


0.59 


(0.02) 


6 


64 


(0.02) 


1.91 


(0.13) 


0.1310 


(0.0048) 


10.73 


9.74 


8.43 


17:07:07.4 


+21:33:14 


1 


34 


(0.03) 


9 


78 


(0.09) 


0.56 


(0.01) 


7 


88 


(0.02) 


1.90 


(0.09) 


0.0680 


(0.0029) 


10.96 


9.91 


8.55 


17:19:54.2 


+26:30:04 


1 


31 


(0.13) 


9 


30 


(0.08) 


0.51 


(0.13) 


7 


27 


(0.02) 


2.03 


(0.08) 


0.0940 


(0.0021) 


11.03 


9.89 


8.36 


18:35:20.3 


+45:45:06 





72 


(0.02) 


8 


49 


(0.24) 


0.39 


(0.04) 


6 


88 


(0.02) 


1.61 


(0.24) 


0.0670 


(0.0020) 








19:21:34.0 


+20:50:24 


1 


57 


(0.14) 


11 


27 


(0.09) 


0.77 


(0.15) 


8 


80 


(0.02) 


2.47 


(0.09) 


0.1000 


(0.0030) 








20:03:24.8 


+29:52:00 


1 


71 


(0.07) 


12 


10 


(0.33) 


0.91 


(0.06) 


9 


55 


(0.02) 


2.55 


(0.33) 


0.0860 


(0.0228) 


13.34 


12.01 


10.23 


20:05:02.8 


+54:25:43 





81 


(0.04) 


10 


49 


(0.29) 


0.47 


(0.06) 


8 


93 


(0.02) 


1.56 


(0.29) 


0.0610 


(0.0022) 


10.98 


10.03 


8.99 


20:29:53.1 


+09:40:17 


1 


73 


(0.15) 


10 


90 


(0.10) 


0.87 


(0.16) 


8 


23 


(0.02) 


2.67 


(0.10) 


0.1140 


(0.0019) 








20:40:40.4 


+15:29:51 


1 


66 


(0.06) 


11 


13 


(0.31) 


0.86 


(0.07) 


8 


64 


(0.03) 


2.49 


(0.31) 


0.1020 


(0.0102) 








20:41:28.4 


+57:25:08 





61 


(0.10) 


9 


01 


(0.06) 


0.28 


(0.09) 


7 


64 


(0.02) 


1.37 


(0.06) 


0.0440 


(0.0102) 








20:43:25.8 


+55:22:55 


1 


88 


(0.07) 


12 


14 


(0.33) 


0.98 


(0.08) 


9 


56 


(0.02) 


2.58 


(0.33) 


0.0630 


(0.0055) 








23:43:11.8 


+36:32:08 


1 


72 


(0.14) 


10 


34 


(0.09) 


0.71 


(0.15) 


8 


11 


(0.03) 


2.23 


(0.10) 


0.1230 


(0.0029) 









Note. — Uncertainties are included in parentheses where available. 

'^Sloan magnitudes and colors derived from MRO photometric data. 

^2MASS point source catalog photometry (Skrutskie et al. 2006). 

^^Parallaxcs from General Catalogue of Trigonometric Stellar Parallaxes (van Altena et al. 1995). 
*^ Johnson-Cousins photometry from PMSU I (Reid et al. 1995). 



TABLE 3 

Summary of Color Transformations 



Davenport et al.' 



West et al. (2005)'' 



Rodgers et al. (2006)<= 



Jordi et al. (2006)<^ 



V - R = 0.17 + 1.63(r - i) - 1.19(r - if 

+0.37(r - if ± 0.06 
R-I = 0.14 + 0.38{r - i) + 0.29(r - if 

+Om{r-if ±0.12 
R-I = 0.01 + 2.98{j -z)- 1.51(i - zf 

+0.46(1-^)3 ±0.17 
R-I = -0.35 + 0.85(j -J)± 0.13 

r-i = -0.76 + 1.73{V -I)- 0.85(y - if 
+0.19{V -If 



l-z = -20.6 + 26.0(7 -K)- 11.7(7 - Kf 

+2.30(7 - Kf - 0.17(7 - Kf 
r-i = -2.69 + 2.29(y - 7) - 0.28(V - if 



r-i = (1.000 ± 0.006)(il - 7) - 0.212 
r-z = (1.567 ± 0.020)(il - 7) - 0.365 



g-r = (1.646 ± 0.008)(V - R) 

-0.139 ±0.004 
r-i = (1.007 ± 0.005) (fl - 7) 

-0.236 ±0.003 
r-z = (1.584 ± 0.008)(7i - 7) 

-0.386 ±0.005 



R.clationt; arc valid c 
"^Rclatioii^: arc valid c 
'"Relations arc valid ( 



- 0.17 < i - z 

- 0.67 < r - i 

- -0.095 < R - 



< 1.59, 0-33 < r - i < 2.85, 1.37 < i - J < 2.58, and 0.95 < V - I < 2.59 

< 2,01, and 0.37 < i - Z < 1.84 



Relations are valid over 0.0 < V - R < 1.2, and 0.0 < R — / < 2.0 
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